Natural antiviral activity can be mediated by the interferon-induced synthesis of 2',5'-oligoadenylates (2-SAs) and subsequent RNase L activation by these molecules. Analogues of2-5A that are biologically active and metabolically stable were synthesized and analyzed for antiviral activity against the human immunodeficiency virus type 1 (HIV-1).
Human immunodeficiency virus type 1 (HIV-1), the etiologic agent of acquired immunodeficiency syndrome (AIDS), is a lentivirus that primarily infects CD4+ lymphocytes (T4 cells) and cells of monocyte/macrophage lineage ultimately resulting in diverse immune perturbations and ensuing host susceptibility to severe and life-threatening opportunistic infections (1) (2) (3) . As in all retroviruses, an essential feature of HIV-1 replication is reverse transcription of the plus-strand RNA genome into DNA, a process that requires an RNAdependent DNA polymerase, also known as reverse transcriptase (RT) (4, 5) . This enzyme is viral-encoded and is found associated with genomic RNA in mature HIV virions (6) . The relative restriction of RT to retroviruses and viruses requiring a short reverse-transcription step makes RT a major target for antiviral, and particularly for antiretroviral, therapeutic intervention. In fact, drugs such as 3'-azido-3'-deoxythymidine (AZT) (7), 2',3'-dideoxynucleosides (8) , and phosphonoformate (9) have been shown to effectively block HIV-1 reverse transcription in vitro at concentrations that had no cellular toxicity.
Replication of many viruses is also blocked by the 2',5'-oligoadenylate [2',5'-ppp(Ap)nA or 2-SA] system, which is part of the host's natural antiviral response induced by interferons (for reviews, see refs. 10 and 11). In the presence of interferons, increased 2',5'-oligoadenylate synthetase gene expression results in increased synthesis of 2-5A from ATP. 2-5A, in turn, binds to and activates a latent endoribonuclease (RNase L) that cleaves viral and cellular RNA, thereby inhibiting protein synthesis (12) . A series of reports (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) described the synthesis and ability of phosphorothioate and cordycepin analogues of 2-5A to replace authentic 2-5A in latent RNase L activation. In this report we demonstrate that some of these same analogues inhibit HIV-1 RT and protect target cells from HIV-1 infection in vitro.
MATERIALS AND METHODS
Cells and Virus. The highly HIV-1 permissive CD4+ lymphoblastoid cell line MT-2 (23, 24) was used as target cells for infection with HIV-1 (strain HTLV-IIIB) produced in H9 cells (25) . Stock cultures were grown and maintained in RPMI 1640 medium containing 12% (vol/vol) heat-inactivated fetal bovine serum and 50 ,ug of gentamicin per ml and incubated at 37°C. Viral titers in this study, which are given as a multiplicity of infection (i.e., infectious virus particles per cell), were determined by end-point microtitration on MT-2 cells as described (26) .
Enzymatic and Chemical Syntheses of the 2-5A Analogues.
The enzymatic and chemical syntheses of the 2',5'-cordycepin trimer and tetramer cores and their 5'-mono-, di-, and -triphosphates and their structural elucidations have been described (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . The enzymatic and chemical syntheses of the 2',5'-phosphorothioate tetramer monophosphates and their structural elucidation were essentially as described for the respective trimer syntheses (13, 14, 16 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and poly(A)-(dT)15 (2.5 ,g/ml) template-primer after the addition of 10 ,ul of enzyme. Inhibitors were added at various concentrations after adjusting water volumes so that reaction volumes remained constant. Reaction mixtures were incubated at 37°C for 1 hr in a humidified environment and terminated by adding 2 ml of 10% (wt/vol) ice-cold trichloroacetic acid. Precipitate was collected on 0.45-,Lm (pore size) cellulose-acetate Millipore filters that were then dissolved in 10 ml of 3a70B aqueous scintillant (Research Products International, Mt. Prospect, IL) and the cpm were quantitated using a Beckman LS 6800 liquid scintillation spectrometer.
Infection Assays. Anti-HIV-1 activities of various compounds were detected and quantitated by an in vitro microtiter infection assay as described (26) . Briefly, MT-2 cells were added to 96-well microdilution plates containing 1:2 serial dilutions of effector in triplicate. Virus was added at a multiplicity of infection of 1 and the plates were incubated at 37°C in a humidified 5% C02/95% air environment for 3 days.
Viable cells were then quantitated by vital dye (neutral red) uptake by poly(L-lysine)-adherent cells as a measure of cytopathic effect. At this time, virus control wells (cells and virus in the absence of effectors) exhibited greater than 90% cytolysis. Percent protection was defined by the range ofA5,0 readings occurring between cell control wells (cells in the absence of virus and effectors) and virus control wells. The multiplicity of infection was determined by end-point microtitration on MT-2 cells in this same assay. Cell Toxicity Assays. Cell toxicities were quantitated using MT-2 cells in microdilution plates as described above with the exceptions of omitting virus and replacing virus control wells with empty (blank) wells. The range of A540 readings occurring between cell control wells and blank wells after 3 days of incubation was used to calculate percent viable cells in test wells.
RESULTS AND DISCUSSION
The short half-life of authentic 2-5A in biological systems (12) (13) (14) (15) (16) (17) (18) is an acknowledged disadvantage in the control of viral replication. In the studies described here, this disadvantage was surmounted by selectively altering 2-SA to provide analogues with increased metabolic stability. Modification of 2-SA at the 3'-hydroxyl groups provides various 2-SA analogues (i.e., 2'-5'-cordycepin 5'-mono-, -di-, and -triphosphates) with remarkably increased metabolic stability to 2'-phosphodiesterase and cellular nucleases, while maintaining the ability to activate RNase L (15, 18, 19, 21, 22) . Modification at the 2',5'-internucleotide linkages by phosphorothioate substitution has provided stereochemically modified 2-SA molecules with profoundly differing stereochemical, physicochemical, and biological properties (13, 14, 16) . The replacement of oxygen with sulfur on the phosphorus not only introduces chirality into the phosphodiester bond of the 2',5'-internucleotide linkage or 5'-phosphate moieties of 2-SA but also produces changes in the degree of hydration, ionic interactions, and hydrogen bonding (13, 14) . The biological activity and metabolic stability ofthese 2-5A analogues made them attractive candidates for testing antiviral activity against HIV-1. Authentic 2-5A and a series of structural and stereochemical 2-5A analogues were tested by measuring anti-HIV-1 activity in an in vitro MT-2 cell infection assay and by examining the ability to inhibit HIV-1 RT.
RT was not inhibited by A3 or p3A3 at 0.25-256 ,uM, by cordycepin at 25-400 ,uM, or by cordycepin 5'-triphosphate (p3C) at 25-200 AM (data not shown). In contrast, concentration-dependent enzyme inhibition was observed for 2'-5'-cordycepin trimer core (C3), cordycepin trimer 5'-mono-, -di-, and -triphosphates (pC3, p2C3, p3C3), 2',5'-cordycepin tetramer 5'-monophosphate (pC4), and A-C-A (Fig. 1) . p2C3 was the most effective cordycepin 2-5A analogue inhibitor of RT (50%o inhibition at 75 ,uM) followed by pC4 (50%0 inhibition at 118 uM), p3C3 (50% inhibition at 132 ILM), A-C-A (50% inhibition at 160 uM), pC3 (50% at 290 ,uM), and C3 (40% at 400MM).
The 2',5'-phosphorothioate tetramer 5'-monophosphate analogues of 2-5A (i.e., pA4 stereoisomers) were much more effective inhibitors of HIV-1 RT activity than the 2',5'-cordycepin analogues. The pSpRpRp, pSpSpSp, pRpSpSp, and pRpRpRp diastereomers § exhibited concentration-dependent inhibition up to 58%, 44%, 43%, and 30%, respectively, at 2.5 AM (Fig. 2) . The most effective inhibitor ofHIV-1 RT was the 2',5'-phosphorothioate trimer 5'-triphosphate {i.e., The strong inhibition of RT observed for the phosphorothioates suggested that they may possess potent antiretroviral activity. When tested for activity against HIV-1 using an in vitro MT-2 cell microtiter infection assay, however, only the pRpSpSp stereoisomer had activity. The anti-HIV-1 activity of pRpSpSp was optimum at 0.04 juM, a concentration that provided 32% protection in the infection assay (Fig. 3) . Furthermore, authentic A3 had no anti-HIV-1 activity when tested at exogenous concentrations of ,uM in vitro (data not shown). Possible reasons why the remaining stereoisomers (i.e., the pSpRpRp, pSpSpSp, and pRpRpRp diastereomers and p3A3aS) had no in vitro anti-HIV-1 activity include (i) the molecules are impermeable to the cell or (ii) they are metabolically altered intracellularly. However, their potent inhibition of RT should encourage the search for analogous prodrugs that are readily internalized, resist metabolic inactivation, and may even become activated intracellularly.
In contrast to the phosphorothioates, potent concentration-dependent anti-HIV-1 activity was observed for the 2-SA analogues C3 (Fig. 3A) and pC3 (Fig. 3B) at exogenous concentrations of 62.5-125 ,LM and for A-C-A (Fig. 3C) at 4-8 ,uM. These activities were 84%, 80%, and 81%, respectively, of the optimum anti-HIV-1 activity provided by mismatched double-stranded RNA (data not shown). This is significant anti-HIV-1 activity considering that mismatched double-stranded RNA is a potent anti-HIV-1 drug in vitro (27, 28) . Less-potent concentration-dependent anti-HIV-1 activity was observed for pC4 (Fig. 3D ) at 12.5-50 ,uM. No toxicity was observed for C3 or A-C-A at their most effective antiviral concentrations whereas mild toxicity was observed at some of these optimum antiviral concentrations of pC3 and pC4.
Complete inhibition of RT activity was never achieved even at the highest concentrations of 2',5'-cordycepin analogues of 2-SA tested, while lower concentrations of three of these analogues (i.e., A-C-A, C3, and pC3) elicited potent (Figs. 1 and 3) . These results may be an indication that a mechanism other than RT inhibition, such as RNase L activation, was responsible for the antiviral activity observed. However, the possibility that the cordycepin analogues of 2-5A were either concentrated intracellularly (19) or metabolically altered to more active RT inhibitors cannot be ruled out.
To determine ifthe antiviral activity ofthe 2',5'-cordycepin analogues of 2-5A was due to degradation, antiviral and anticellular effects of cordycepin were measured. Cordycepin demonstrated no anti-HIV-1 activity in vitro while it inhibited MT-2 cell viability at concentrations as low as 5 AM in toxicity assays. Cordycepin also did not inhibit RT activity up to 400 ,M. This is in contrast to C3 that had pronounced antiviral activity but no cell toxicity at 62.5 AuM (Fig. 3) .
These findings support an earlier report that 0.55% and 1.3%, respectively, of 3H-and 32P-labeled C3 were taken up intact by lymphocytes in culture (19) . It would appear that under the experimental conditions described here, C3 does not serve as a prodrug of cordycepin.
p3A3 and a synthetic oligomeric mixture (dimer to hexamer) have been reported to inhibit avian and mammalian RTs (29) where avian myeloblastosis virus RT was inhibited by 50%o at 75 AM p3A3. It is shown here that with HIV-1 RT there is no inhibition by p3A3 at 200 pM. However, introduction of chirality into the p3A3 molecule (i.e., p3A3aS) resulted in dramatic inhibition of HIV-1 RT (50% inhibition at 0.5 AM p3A3aS). Therefore, the formation of an inhibitory complex may be facilitated by (i) a more direct interaction between the 2',5'-phosphorothioate analogues and HIV-1 RT and/or (ii) increased stability of the 2',5'-phosphorothioates compared to authentic 2-5A (13) (14) (15) . A similar observation has been reported by Broder and coworkers (30) . They demonstrated that nuclease-resistant 3',5'-phosphorothioate oligodeoxynucleotides exhibit potent antiviral activity against HIV-1. However, no attempts were made to separate the diastereoisomers. Further, it is unlikely that 3',5'-linked oligodeoxynucleotides would be capable of activating RNase L.
The precise mechanism by which the 2-5A analogues described here exert their in vitro anti-HIV-1 activity remains to be established. It is not clear whether the antiviral activity was a direct result of RNase L activation, RT inhibition, or an unknown mechanism. IfRT inhibition is involved, the lack of cellular toxicity at effective concentrations, especially for A-C-A (Fig. 3) , indicates a certain degree of specificity for the HIV-1 RT over cellular polymerases. Future studies will be aimed at comparisons using purified HIV-1 RT and cellular polymerases. However, the results do suggest that 2-SA analogues may have therapeutic utility. In any event, phosphorothioate and cordycepin analogues of 2-SA offer intriguing possibilities for further development. 
